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A new study published in this issue of Developmental Cell by Madrid et al. surprisingly reveals that both the
actin polymerization and depolymerization activities of human inverted formin INF2 and its interactions with
MAL2 and active Cdc42 are critical for basolateral-to-apical transcytosis and lumen formation in polarized
epithelial cells.The establishment of spatial asymmetry
or polarity of eukaryotic cells is an essen-
tial prerequisite for the formation of
specialized tissue in multicellular organ-
isms. The most widely used model
systems for studying cell polarity are
epithelial cells such as HepG2 hepatomas
and Madin-Darby canine kidney (MDCK)
cells, because both form polarized tissue-
like aggregates in cell culture. As in all
epithelial cells, the plasma membrane of
these cells is divided into an apical
surface, which faces the extracellular
space or the lumen of a specific organ,
and a basolateral surface, which faces
the underlying cells and extracellular
matrix. The distinct functions and compo-
sitions of these membrane compartments
are maintained by specific endocytic traf-
ficking routes transporting lipids and
proteins. In general, there are two basic
pathways by which proteins and lipids
reach the appropriate surface of polarized
epithelial cells: direct and indirect (Mell-
man and Nelson, 2008). In the direct
route, proteins are sorted in the trans-
Golgi network (TGN) into carriers that
take them straight to the apical or basolat-
eral surface. In the indirect route, proteins
are usually delivered first to the baso-
lateral surface, and, after subsequent
endocytosis, transported in vesicular
carriers through the cytoplasm and even-
tually to the apical surface. This latter
transport route is referred to as basolat-
eral-to-apical transcytosis (Weisz and
Rodriguez-Boulan, 2009). However, the
molecular machinery that moves vesicles
through the different steps of transcytosis
has remained largely elusive. One poten-
tial factor may be actin polymerization
triggered by Cdc42 signaling, as this
Rho GTPase has been implicated in
establishing cell polarity and in vesicular
trafficking. In the latter, Cdc42 seems toact through the downstream effectors
WASP or N-WASP, which in turn initiate
actin polymerization by the Arp2/3 com-
plex to engulf vesicles during endocytosis
(Benesch et al., 2005) or propel them in
a Listeria-like fashion through the cyto-
plasm (Taunton et al., 2000). A new study
in this issue of Developmental Cell now
shows that human inverted formin INF2,
a Cdc42 effector with actin filament
nucleation, elongation, and depolymer-
ization activities, plays a key role in trans-
cytosis and lumen formation in polarized
epithelial cells (Madrid et al. 2010).
Formins are large multidomain proteins
that nucleate and processively elongate
linear actin filaments (Chesarone et al.,
2010), making them prime candidates for
mediating actin-driven vesicle propulsion.
The majority of formins belong to the so-
called Diaphanous-related formin family
(Drfs), which contain a GTPase-binding
domain (GBD) followed by a Diapha-
nous-inhibitory domain (DID), which
mediates autoinhibition through binding
to a C-terminal Diaphanous-autoregula-
tory domain (DAD). Autoinhibition is
released by binding of activated Rho
family GTPases to the GBD, triggering
actin assembly and proper subcellular
localization (Chesarone et al., 2010).
In contrast to other Drfs, INF2 lacks a
canonical GBD and displays rather unique
properties regarding its biochemical
activities (Figure 1A). Extensive analyses
by the Higgs lab revealed that INF2 not
only nucleates actin polymerization via
its formin homology 2 (FH2) domain, but
also concomitantly promotes filament
severing and depolymerization by virtue
of a C-terminal actin-monomer binding
WASP-homology 2 (WH2) domain that
displays the functional features of a clas-
sical DAD (Chhabra and Higgs, 2006).
Remarkably, though, DID-DAD interac-Developmental Celtion does not inhibit INF2-mediated nucle-
ation, as it does in other Drfs, but instead
only inactivates its actin depolymerization
activity (Chhabra et al., 2009).
Previously, the Alonso lab identified
the lipid-raft associated transmembrane
protein MAL2 as an essential component
of the machinery required for transcytosis
of theGPI-anchored cell surfacemolecule
CD59 in HepG2 cells (de Marco et al.,
2002). In wild-type cells, CD59 is endocy-
tosed at the basolateral surface and
then forms peripheral endosome clusters
when it encounters MAL2-positive vesi-
cles that originate from a subapical
compartment (SAC). These clusters then
move towards the apical surface and
fuse with the SAC, from which CD59 is
eventually delivered to its final destination
in the apical plasma membrane encircling
the bile canaliculi (BC) (Figure 1B, de
Marco et al., 2006). Notably, MAL2-
depleted cells showed severe defects in
basolateral-to-apical transport of CD59,
but its endocytic internalization at the ba-
solateral surface was not affected, indi-
cating that MAL2 is primarily involved in
intracellular vesicle trafficking (de Marco
et al., 2002). To investigate the role of
MAL2 in transcytosis, Madrid and col-
leagues employed a yeast-two-hybrid
screen for MAL2-binding proteins, and
identified an interaction with a C-terminal
fragment of the inverted formin INF2
(Madrid et al. 2010). Depletion of INF2 by
RNA interference greatly diminished the
number and size of BC, caused a reduc-
tion in the levels of MAL2 at the apical
zone in these lumens and reduced the
levels of transcytosed CD59. Interest-
ingly, in untreated cells, MAL2-positive
vesicles pinching off the SAC and moving
towards the basolateral membrane were
frequently associated with INF2 and
short actin comet tails, suggesting thatl 18, May 18, 2010 ª2010 Elsevier Inc. 689
Figure 1. Cruising through the Cytosol
(A) Domain organization, interaction partners, and activities of INF2. INF2 resembles the general domain
organization of Drfs, but lacks a genuine GBD preceding the DID. Additionally, the C-terminal DAD
sequence is equivalent to an actin-monomer binding WH2 motif. Unusually, INF2 can mediate both actin
assembly and disassembly (Chhabra and Higgs, 2006).
(B) Role of INF2 in transcytosis. HepG2 hepatomas display a polarized architecture with the apical
membrane surrounding the bile canaliculi (BC) and the basolateral membrane contacting neighboring
cells. It is suggested that GTP-bound Cdc42 activates INF2 at the SAC membrane, resulting in the pinch-
ing off of MAL2-containing vesicles, which are then propelled through the cytoplasm by formin-mediated
actin polymerization (Madrid et al., 2010). These carriers then fuse with CD59-containing early endosomes
originating from the basolateral side, lose their actin tails, apparently by INF2-mediated actin depolymer-
ization, and are subsequently transported back to the SAC, from which CD59 is eventually delivered to its
final destination in the apical membrane of the BC (Madrid et al., 2010). It remains to be determined how
INF2 is kept in an inactive state at the SAC and after fusion with early endosomes, as DID-DAD interaction
is not sufficient to inhibit actin nucleation by INF2 in vitro (Chhabra et al., 2009). It is possible that additional
factors directly affect INF2 activity, as recently reported for other formins (Chesarone et al., 2010). Surpris-
ingly, Cdc42 is enriched at vesicles budding from the SAC. Assuming that Rho-GTPase binding disrupts
DID-DAD interaction, as reported for other Drfs, Cdc42 may well trigger INF2-mediated depolymerization
(Chhabra and Higgs, 2006), the role of which during actin comet formation remains to be resolved. Abbre-
viations: BC, bile canaliculi; DAD, Diaphanous-autoregulatory domain; DID, Diaphanous-inhibitory
domain, FH, formin homology domain; SAC, subapical compartment; TJ, tight junction; WH2, WASP-
homology-domain.
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Previewsformin-mediated actin assembly is the
driving force for vesicle transport during
this stage (Figure 1B). Consistent with
a critical function of the INF2-MAL2
complex, the formation of MAL2-positive690 Developmental Cell 18, May 18, 2010 ª2actin comets was drastically diminished
in INF2-silenced cells. Using mutants,
Madrid and colleagues elegantly show
that INF2-mediated actin assembly and
actin depolymerization are equally impor-010 Elsevier Inc.tant (Madrid et al. 2010). Unexpectedly,
despite the absence of a GBD in INF2,
active Cdc42 binds to INF2 and promotes
transcytosis in concert with MAL2. Thus,
this study describes a pathway that
connects Cdc42 signaling, formin-medi-
ated regulation of actin dynamics, and
MAL2 trafficking during transcytosis. As
silencing of INF2, like depletion of MAL2,
also impedes the formation of the central
lumen in MDCK cells, it seems likely that
this pathway is a general mechanism of
transcytosis in polarized epithelial cells.
This appealing study now opens the
floodgates for a plethora of follow-up
studies to address the numerous ques-
tions that arise. One of the primary near-
term objectives will be to understand
at a molecular level how Cdc42 is able
to regulate INF2 activities, despite the
absence of a typical GTPase-binding
motif. In the longer term, it will be inter-
esting to learn how the opposing effects
of INF2 on actin dynamics are connected
to different stages of the transcytotic
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